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Abstract: 
Conventional solid oxide fuel cells (SOFCs) could suffer from carbon deposition when fueled 
with hydrocarbons. For comparison, a new type of SOFC with porous electrolyte can resist 
carbon deposition because it allows oxygen molecules to transport from the cathode to the 
anode. As the transport of O2 to the anode lowers the fuel cell performance and causes the risk 
of explosion, the rate of O2 transport must be well controlled to ensure efficient and safe 
operation. Following our previous model, this paper focuses on electrolyte porosity 
optimization under various inlet methane mole fractions, inlet oxygen mole fractions and inlet 
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gas flow rates. Furthermore, a new design with a partial porous electrolyte is proposed and 
numerically evaluated. The new design significantly improves the electrochemical 
performance compared with all-porous one. A conversion rate > 90% from methane to syngas 
is achieved at the 0.33 inlet CH4 mole fraction with the new design. The results enhance the 
understanding of all porous solid oxide fuel cells and the mechanism underlying, inspiring 
novel designs of solid oxide fuel cells. 
Keywords: All porous solid oxide fuel cell; Methane coking; Carbon deposition; Mathematical 
modeling; novel design 
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1. Introduction 
Solid oxide fuel cells (SOFCs) are highly efficient and clean power generation devices. An 
SOFC has a whole solid structure, where dense electrolyte is sandwiched between porous 
anode and cathode [1-3]. The high operating temperature (about 800 oC) not only favors the 
combined heat and power cogeneration systems [4, 5], but also allows non-noble metal (such 
as nickel) to be used as catalyst and various fuels (H2, CO, CnHm, NH3) can be utilized [6-8]. 
Methane is an attractive fuel choice for SOFCs due to its low price and high volumetric energy 
density compared with H2 and CO [9-11]. However, methane coking and carbon deposition in 
the anode is a severe problem especially when nickel is used [12-14]. Apart from using novel 
anode materials, Guo et al. proposed a new structure, all porous SOFC (AP-SOFC) [15, 16], 
an SOFC with a porous electrolyte to resist carbon deposition. In the AP-SOFC, O2 molecules 
can move from the cathode to anode and react with methane and deposited carbon (if any) 
directly, inhibiting its coking and carbon deposition on anode. A 2000-hour stable operation 
was achieved in the preliminary experimental test using CH4 fuel without any external reformer 
or steam addition. Moreover, no carbon deposition was detected on anode after test. In addition 
to the experimental demonstration of this novel concept, numerical simulations were conducted 
to better understand the detailed mechanism of AP-SOFCs in carbon deposition resistance and 
their potential for further electrochemical performance improvement [17]. Through the models, 
the determining role of oxygen diffusion in improving oxygen-to-carbon ratio on anode surface 
was demonstrated. An electrochemical performance improvement was also obtained by 
altering the mole fraction of inlet species and adopting anode-supported SOFC in the model. 
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No doubt, the key to achieve a good balance among electrochemical performance, carbon 
resistance and safety heavily relies on the O2 gas transport process through the porous 
electrolyte, which depends on the porous structure properties of the electrolyte.  However, the 
detailed analyses on the electrolyte porous structure properties have not been conducted yet. 
The electrolyte porosity is an important factor, which affects gas diffusion between electrodes, 
electrolyte ionic conductivities, and thus determines the cell performance.  
To fill this research gap, numerical studies have been conducted in this work to investigate the 
effects of electrolyte porosity on the cell performance. Moreover, a novel design of tubular cell 
is proposed for the first time to achieve improved electrochemical performance and safe 
operation simultaneously. In addition, in this paper the tubular cell models are extended from 
the original button cell model and validated by experimental data.   
 
2. Model description 
A 2D mathematical model for button AP-SOFC is developed and validated by experimental 
data. The model is further extended to tubular AP-SOFCs for parametric studies for practical 
application. In the models, electrochemical/chemical reactions, ion/electron conduction and 
mass/momentum transportation are fully considered. The schematics of both button AP-SOFC 
and tubular AP-SOFC are shown in Fig.1(a) and Fig. 1(b), respectively. In consistence with the 
experimental work conducted by Guo et al., the AP-SOFCs in this study adopt porous 
Gd0.1Ce0.9O1.9 (CGO) electrolyte as support layer with a thickness of 2 mm. The thickness of 
Ni-CGO anode and Ba0.5Sr0.5Co0.8Fe0.2O3−δ  (BSCF) cathode are 55 µm and 25 µm, 
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respectively. The surface area of button AP-SOFC is 2.54 cm2 and the length of tubular AP-
SOFC is 1.8 cm. Related material properties, kinetic parameters and other tuning parameters 
can be found in Table 1 and Table 2. 
In the operation of tubular AP-SOFCs, CH4 and O2 are introduced into anode and cathode 
channels, respectively. Apart from flowing along the cell length to the outlet, O2 and CH4 can 
also diffuse through the porous electrolyte and react with each other. The reaction between O2 
and CH4 generates CO2 and H2O, and the generated H2O can further react with CH4 (methane 
steam reforming, MSR) to produce H2 and CO. Both H2 and CO can electrochemically react 
with O2- ions and release electrons for power generation. H2O generated from the 
electrochemical reactions will further react with CH4 and the reaction chain among H2O, CH4 
and O2- continues if there is enough CH4 and O2. H2 and CO will also react with O2 to form 
H2O and CO2, respectively. Due to the existence of H2O and CO, water gas shift reaction 
(WGSR) catalyzed by nickel is also considered in the anode.  
 
2.1 Model assumptions 
In accordance with previous model on SOFCs, assumptions (1~5) are adopted. For the study 
of electrolyte porosity change in AP-SOFCs, assumption (6) is used to define its ionic 
conductivity. 
(1) The area of triple phase boundary (TPB) shared by H2 and CO for electrochemical reaction 
is proportional to their local mole fraction.  
(2) Electrochemical reaction sites are distributed uniformly in the whole porous electrode.  
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(3) Both ionic- and electronic- conducting phases in the porous electrodes are homogeneous 
and continuous. 
(4) Gases in the model follow ideal gas law. 
(5) Temperature distribution is uniform in the cell due to its small size. 
(6) Ionic conductivity of porous CGO is inversely proportional to its porosity in the porosity 
range, 0.3 to 0.7. 
(7) The potential electronic conductivity of CGO is not considered. 
 
2.2 Chemical reactions 
The porous electrolyte allows the diffusion of gases between the anode and the cathode, hence 
enabling chemical oxidization of CH4 (RMO) as shown in Eq. (1).  
CH4 + 2O2 = CO2 + 2H2O  (1) 
It should be noted that the methane oxidation rate in anode is much higher than that in other 
areas due to the catalytic effects brought by nickel. The effects of active surface area for the 
chemical reactions are also included in the pre-exponential factor, which is tuned to fit the 
experimental data in the model validation part. H2O generated by methane oxidization can 
further react with CH4 through MSR reaction, as shown in Eq. (2). 
CH4 + H2O ↔ CO + 3H2     (2) 
MSR is the key reaction in AP-SOFCs as it provides suitable fuel (H2 and CO) for 
electrochemical reactions.  
Chemical oxidizations of H2 (RHO)  
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H2 + 0.5O2 = H2O     (3) 
and chemical oxidization of CO (RCO)  
CO + 0.5O2 = CO2     (4) 
also exist in the cell. However, these two reactions are not preferred in AP-SOFCs as they not 
only reduce the electrochemical performance but also bring in the risk of explosion. 
Water gas shift reaction (RWGSR) catalyzed by nickel in the porous anode is considered and can 
be described as Eq. (5) below: 
CO + H2O ↔ CO2 + H2.   (5) 
 
2.3 Electrochemical reaction 
In the cathode, O2 molecules are reduced to O2-, as shown in Eq. (6). 
O2 + 4e
− = 2O2−        (6) 
The generated O2- ions can transport through electrolyte to anode, where they electrochemically 
react with H2 and CO and release electrons for power generation as shown in Eq. (7) and Eq. 
(8).  
H2 + O
2− = H2O + 2e
−   (7) 
CO + O2− = CO2 + 2e
−   (8) 
The overall electrochemical reactions of H2 and CO as fuel and O2 as oxidant can be written as 
Eq. (9) and Eq. (10). 
H2 + 0.5O2 = H2O   (9) 
CO + 0.5O2 = CO2      (10) 
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Equilibrium potentials (EH2 and ECO ) for Eq. (9) and Eq. (10) are calculated as follows: 
EH2 = EH2
0 +
RT
2F
ln [
PH2
L (PO2
L )
1
2⁄
PH2O
L ]   (11) 
and 
ECO = ECO
0 +
RT
2F
ln [
PCO
L (PO2
L )
1
2⁄
PCO2
L ],   (12)  
where EH2
0  and ECO
0  are the respective standard potentials, R is the universal gas constant, T 
is the operating temperature and F is the Faraday constant.  PH2
L , PH2O
L , PCO
L  and PCO2
L  are the 
anode local gas partial pressures for H2, H2O, CO and CO2, respectively. PO2
L  is the cathode 
local O2 partial pressure. The values of ECO
0  and EH2
0  can be calculated by Eq. (13) and Eq. 
(14). 
EH2
0 = 1.253 − 0.00024516T (V)   (13) 
ECO
0 = 1.46713 − 0.0004527T (V)   (14) 
For the calculation of cell’s equilibrium potential, a parallel scheme is used as suggested by 
Iwai et al [18]. Considering the different overpotential losses involved in electrochemical 
oxidation of H2 and CO, the operating potential can be calculated by deducting overpotential 
losses from equilibrium potential [19, 20] 
V = Eeq − ηact − ηohmic,  (15)  
where ηact is the activation overpotential loss and ηohmic is the ohmic overpotential loss. 
ηact stems from the activation barrier of the electrochemical reactions, which is strongly 
related with the reactions occurred and the electrode property. ηact can be described by Butler-
Volmer equation 
i = i0 {exp (
αnFηact
RT
) − exp (−
(1−α)nFηact
RT
) },  (16) 
9 
 
where i is the operating current density, α is the electron transfer coefficient and n is the 
number of transferred electrons per electrochemical reaction. The exchange current density (i0) 
can be expressed as  
i0 = γ exp (−
Eact
RT
),  (17) 
where γ is the pre-exponential factor and Eact is the activation energy. The pre-exponential 
factor γ  for H2 electrochemical oxidation is set to be 2.2 times of the γ  for CO 
electrochemical oxidation, while their activation energy is set to be the same as suggested by 
Luo et al. [21]. 
ηohmic is caused by ionic/electronic resistance in the cell and can be calculated by Ohm law. It 
should be noted that the mass-transport-related overpotential loss is already considered by 
using local gas partial pressure in equilibrium potential calculation in Eq. (11) and Eq. (12). 
Parameters for above electrochemical reactions can be found in Table 3. 
  
2.4 Mass and momentum transport 
Mass transport of gas species is governed by Eq. (18)[22] as 
Nj = −
1
RT
(
B0yjP
μ
∇P − Dj
eff∇(yjP)) (j = 1, … , n),  (18) 
where B0 is the permeability, μ is the gas viscosity, yj is the mole fraction component j 
and Dj
eff is the overall effective diffusion coefficient. Dj
eff is determined by  
Dj
eff =
ε
τ
(
1
Djm
eff +
1
Djk
eff)
−1,  (19) 
where ε is the porosity, τ is the tortuosity factor, Djm
eff is molecular diffusion coefficient and 
Djk
eff is Knudsen diffusion coefficient [23, 24].  
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The mass conservation can be described by  
∇(−Dj
eff∇cj) = Rj,    (20) 
where cj is the gas molar concentration and Rj is the mass source term of the gaseous 
species. 
Momentum transport is governed by Navier-Stokes equation with Darcy’s term as  
ρ
∂u
∂t
+ ρu∇u = −∇p + ∇[μ (∇u + (∇u)T) −
2
3
μ∇u] −
εμu
k
,  (21) 
where ρ is the gas density, u is the velocity vector and k is the permeability of the porous 
material.  
 
2.5 Boundary conditions and model solution 
At the outside surface of the two electrodes, electric ground and applied voltage are specified 
on anode and cathode, respectively. At the channel inlets, gas flow rate and species molar 
fractions are given. At the channel outlets, pressure condition is specified. At the ends of the 
cell, zero flux is specified.  
The model is built at given operating parameters such as temperature, voltage, and inlet gas 
flow rate and species mole fraction. The governing equations are solved through finite element 
analysis in the commercial software COMSOL MULTIPHYSICS®. 
 
3 Results and discussion 
3.1 Model validation and criteria for safe operation  
In accordance with the experiments, the button AP-SOFC model employs the same material 
11 
 
properties and the same structural parameters as in ref.[15]. The button cell model is validated 
by comparing the simulated I-V curves with experimental data, as shown in Fig. 1(c) with high 
accuracy. For model development, the tuning parameters are restricted in the pre-exponential 
factors for chemical/electrochemical oxidations, other parameters adopted are from 
experimental tests and literatures. Therefore, the authors believe the model is validated and 
suitable for subsequent parametric study. The same material properties and tuning parameters 
are used when the button cell is extended to a tubular AP-SOFC for the study of practical 
operation. The I-V-P characteristics comparison between a button AP-SOFC and a tubular AP-
SOFC is shown in Fig. 1(d). The small difference indicates the extensibility of the model. 
Although the long-term operation of AP-SOFCs has already been proved experimentally, the 
rather dilute inlet gas (CH4 4% as fuel and O2 4% as oxidant) is not suitable for practical 
operation. Therefore, the mole fraction of O2 and CH4 is raised to a higher level in the following 
parametric studies. In addition, safe operation criteria are set considering possible carbon 
deposition and explosion risk.  
To evaluate the possibility of methane coking, oxygen-to-carbon ratio (O/C ratio) larger than 
1.5 on anode surface is adopted as the criterion according to fuel cell handbook[25]. O refers 
to the total oxygen atoms from steam and air, i.e., one mole O2 and H2O provide two moles and 
one mole oxygen atoms, respectively. C refers to carbon atoms from CH4, i.e., one mole CH4 
provides one mole carbon atoms. It should be noted that only O2 and H2O are considered as 
oxygen atom supplier because they are the main oxidants in the anode and have a fast reaction 
rate with methane.  
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To evaluate the risk of explosion, the concentrations of CH4, H2 and CO are suggested to be 
smaller than the “Lower Explosive Limit”, which are 5%, 4% and 12% in air (oxygen), 
respectively. Therefore, mole fraction product of CH4×O2 equal to 1.05%, H2×O2 equal to 
0.84% and CO×O2 equal to 2.52% are regarded as the maximum products in this paper for 
the safe operation of AP-SOFCs. It should be noted that above limitation values are usually 
adopted at room temperature and the explosive range expands with the increasing temperature. 
Here, the specific limitation values are only used as objective criterion, which aims at studying 
the tendency of the change of local composition under the effects of different operation 
conditions.    
 
3.2 Effects of electrolyte porosity  
In the electrolyte-supported AP-SOFC, the electrolyte porosity plays an important role in 
determining the cell performance. Generally, O2 diffusion from cathode to anode becomes 
easier at high electrolyte porosity, which helps to improve O/C ratio and inhibits methane 
coking in the anode. However, a higher porosity results in lower open circuit voltage (OCV) 
and smaller ionic conductivity, which largely increases the ohmic potential loss and decreases 
electrochemical performance of the AP-SOFC. For the parametric study in this section, the 
electrolyte porosity is altered between 0.3 and 0.7. Air is used as cathode inlet gas and 0.35 
mole fraction of CH4 is used as anode inlet gas. The applied voltage, operating temperature and 
inlet flow rate are 0.5 V, 923 K and 100 SCCM, respectively.  
With the electrolyte porosity increasing from 0.3 to 0.7, the O2 diffusion from cathode to anode 
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becomes easier, as a result, the average O/C ratio at anode surface increases from 0.9 to 1.6 as 
shown in Fig. 2(a). Nevertheless, the current density decreases from 43 mA cm-2 to 16 mA cm-
2 due to the low electrolyte ionic conductivity and reduced open circuit voltage (OCV) at high 
electrolyte porosity.  
The distribution of CH4×O2 mole fraction product is shown in Fig. 2(b) to investigate the 
potential of fuel explosion. For both 0.3 and 0.7 electrolyte-porosity cases, the peak value of 
CH4×O2 product is in the middle of electrolyte close to inlet, where CH4 and O2 are well mixed 
before heavily consumed. The peak value of the product (1.3 × 10−2) in the 0.3 electrolyte-
porosity case is higher than the criteria (1.05 × 10−2), indication the risk of explosion in the 
inlet area. Whereas in the 0.7 electrolyte-porosity case, the peak value of the product 
(1.02 × 10−2 ) is lower than the criteria as more CH4 and O2 are consumed due to better 
diffusion at high porosity.  
The distributions of H2 and CO at different electrolyte-porosity cases are also as shown in Fig. 
2(c). The high mole fraction of outlet syngas (0.23 at 0.3 electrolyte-porosity case) compared 
with the inlet methane (0.35) indicates the potential for syngas and power co-generation in AP-
SOFCs [26]. However, the H2 and CO are severely consumed at 0.7 electrolyte-porosity case 
due to the easier transport for gas molecules between anode and cathode, where the conversion 
ratio from methane to syngas is declined to less than 0.4.  
 
3.3 Effect of anode inlet CH4 mole fraction 
CH4, as the fuel source for power generation in the AP-SOFC, is also the cause of carbon 
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deposition and explosion. The mole fraction of CH4 is diluted to 4% in the experiments for safe 
operation, while such a low mole fraction is not suitable for practical applications. For the 
parametric studies in this section, air is used as cathode inlet gas and anode inlet CH4 mole 
fraction is altered in the range between 0.04 and 1 to investigate its effect on cell performance. 
The applied voltage, operating temperature and inlet flow rate are 0.5 V, 923 K and 100 SCCM, 
respectively. The cell performance under 0.3, 0.5 and 0.7 electrolyte porosities are compared. 
The increase of inlet CH4 mole fraction shows significant enhancement on AP-SOFC’s 
electrochemical performance (Fig. 3(a)) and syngas generation (Fig. 3(b)). The current density 
is improved from 22 mA cm-2 to 48 mA cm-2 when the inlet CH4 mole fraction is increased 
from 0.04 to 1. Regarding the effect of electrolyte porosity, the current density is increased 
more significantly at an electrolyte porosity of 0.3, in comparison with electrolyte porosity of 
0.5 and 0.7.  Apart from high current density, the syngas generation is also very good at 0.3 
electrolyte porosity. When the inlet CH4 mole fraction reaches 0.5, the methane utilization rate 
achieves 74%, together with a 61% conversion rate from methane to syngas. Nevertheless, the 
methane utilization rate is quite low at high inlet CH4 mole fraction. 
A high inlet CH4 mole fraction is also not suggested for practical operation considering 
methane coking and fuel explosion. Fig. 3(c) shows the anode surface O/C ratio change along 
with the increasing inlet CH4 mole fraction in different electrolyte-porosity cases. The O/C 
ratio is very sensitive to the change of inlet CH4 mole fraction. With the increase of inlet CH4 
mole fraction, the O/C ratio declines quickly. To meet the criterion of O/C ratio > 1.5, only an 
inlet CH4 mole fraction < 0.31 is allowed at an electrolyte porosity of 0.3 and the inlet CH4 
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mole fraction limitation can be raised to 0.35 at an electrolyte porosity of 0.7. As shown in Fig. 
3(d), the limitation of inlet CH4 mole fraction can be raised at higher electrolyte porosity in the 
restriction of fuel explosion criterion.  
 
3.4 Effect of inlet gas flow rate 
The inlet gas flow rate is related to the size of SOFC. A small flow rate usually causes a high 
fuel utilization ratio while undermines the electrochemical performance. For parametric studies 
in this section inlet gas flow rate is altered in the range between 1 SCCM to 100 SCCM. The 
operating temperature is 923 K at an applied voltage of 0.5 V. Pure O2 and pure CH4 are used 
as cathode and anode inlet gas, respectively. The cell performance under 0.3, 0.5 and 0.7 
electrolyte porosities are compared. 
As shown in Fig.4, by decreasing both anode and cathode inlet gas flow rate from 100 SCCM 
to 1 SCCM, a smaller current density (Fig. 4(a)) and higher CH4 utilization rate (Fig. 4(b)) are 
observed, whereas a high inlet gas flow rate results in a high outlet syngas mole fraction (0.38 
for H2 and 0.17 for CO at 100 SCCM).  
Moreover, the inlet gas flow rate has great effect on anode surface O/C ratio as shown in Fig. 
4(c). With the decrease of inlet gas flow rate from 100 SCCM to 40 SCCM, the average O/C 
ratio on anode surface increases from 1 to 20, because H2O generation rate from 
electrochemical reaction becomes relatively higher compared with the decreased inlet methane 
rate. Such a huge increase indicates that decreasing inlet gas flow rate to a suitable level is an 
easy and effective method to inhibit methane coking. The O/C ratio distribution along cell 
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length is also given in Fig. 4(d). The O/C ratios contributed by H2O and O2 are both growing 
along the cell length, mainly due to the continual consumption of CH4. Meanwhile, H2O 
contributes more oxygen atoms compared with O2 and the difference becomes larger along the 
cell because H2O molecules are continually generated by electrochemical oxidization of H2 
while no O2 is generated. 
 
3.5 Design of partial porous electrolyte  
From the above analyses, several conclusions can be reached for optimization of AP-SOFC 
design and performance. Firstly, there is less possibility for fuel explosion at higher porosity (a 
porosity of 0.7 is safer than 0.3 as shown in section 3.2). Secondly, a higher inlet methane mole 
fraction offers better electrochemical performance while lowers the O/C ratio (22 mA cm-2 at 
0.04 inlet methane mole fraction vs 48 mA cm-2 using pure methane as shown in section 3.3). 
However, the possibilities for methane coking and fuel explosion are also raised with the 
increase of inlet methane mole fraction. Thirdly, a lower inlet gas flow rate is helpful in 
inhibiting methane coking (the average O/C ratio on anode surface increasing from 1 to 20 with 
the inlet gas flow rate decreasing from 100 SCCM to 40 SCCM as shown in section 3.4). Lastly, 
a low electrolyte porosity benefits electrochemical performance improvement of an electrolyte 
supported AP-SOFC (43 mA cm-2 at 0.3 porosity vs to 16 mA cm-2 at 0.7 porosity as shown in 
section 3.1) and the O/C ratio becomes higher along the cell length (as shown in Fig. 4(d)). 
Therefore, an AP-SOFC with high electrochemical performance can be safely operated with 
suitable operating parameters, as discussed below. Furthermore, the dense electrolyte can be 
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adopted in the area away from inlet, where steam to oxygen ratio is high enough to prevent 
methane coking.  
Based on these conclusions, an SOFC with a partial porous electrolyte is proposed and 
evaluated in this section. In this new design, first half (9 mm) of the electrolyte has a porosity 
of 0.42 (the same with ref. [15]), while the other half of the electrolyte is dense. Air is used as 
cathode inlet gas and 0.33 mole fraction of CH4 is used as anode inlet gas. The applied voltage, 
operating temperature and inlet flow rate are 0.5 V, 923 K and 6 SCCM, respectively. 
Compared with the AP-SOFC, the SOFC with partial porous electrolyte shows a much higher 
electrochemical performance as shown in Fig. 5(a). By decreasing the ohmic loss, the peak 
power density raises from 13.6 mW cm-2 to 31.6 mW cm-2, showing a 130% improvement. The 
SOFC with partial porous electrolyte also shows a high O/C ratio (Fig. 5(b)), which decreases 
with the increase of applied voltage and keeps larger than 30 at 1 V. Moreover, low CH4×O2 
value (Fig. 5(c)) is also obtained in the newly designed SOFC, where the mole fraction product 
of CH4×O2 keeps lower than the risk value even at 1.0 V applied voltage. By meeting both 
these two criteria, the SOFC with partial porous electrolyte is very promising for long-term 
safe operation. In addition, this newly designed SOFC shows a high methane conversion rate 
(~ 0 methane mole fraction in the outlet) and the generation of syngas as byproduct Fig. 5(d) 
also shows its potential for better economic advantages.  
 
4 Conclusions 
Mathematical models of all-porous solid oxide fuel cells are developed with various parametric 
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studies in this paper. From the parametric study of electrolyte porosity change, it is found that 
a high electrolyte porosity helps raise oxygen-to-carbon (O/C) ratio and lower CH4 × O2 mole 
fraction product due to better gas diffusion. Nevertheless, a high porosity results in low ionic 
conductivity of electrolyte, which significantly increases ohmic loss and decreases the 
electrochemical performance of the cell.  
Beesides, an SOFC with partial porous electrolyte is proposed. At selected operating 
parameters, the novel designed SOFC displays a 1.3 times higher electrochemical performance 
compared with the old design. The high O/C ratio and low CH4 × O2 mole fraction product also 
ensures a long-term safe operation of the cell. Therefore, this design is very promising to safely 
utilize methane for power generation with syngas as byproduct. 
It should be noted that only electrolyte-supported type is analyzed in this paper, considering 
the much smaller ohmic overpotential in anode-supported solid oxide fuel cells, a further 
improvement is still possible for practical application with proper electrode and electrolyte 
design. In addition, a detailed analysis on the thermal effects in the all-porous solid oxide fuel 
cell is still needed considering the different breakdown of heat source compared with traditional 
methane-fed solid oxide fuel cells. The related effects brought by the thermal effect will also 
be of interest for its practical application. 
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Nomenclature  
Abbreviation  
AP-SOFC All porous solid oxide fuel cell  
BSCF Barium strontium cobalt ferrite (Ba0.5Sr0.5Co0.8Fe0.2O3−δ) 
CGO gadolinium-doped ceria (Gd0.1Ce0.9O1.9)  
CMO Carbon monoxide oxidization 
HO Hydrogen oxidization 
MO Methane oxidization 
MSR Methane steam reforming 
O/C Oxygen to carbon 
SCCM  Standard cubic centime per minute 
SOFC Solid oxide fuel cell 
WGS Water gas shift  
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Roman 
𝐵0 Permeability coefficient, m
2 
𝑐𝐶𝑂2  Mole concentration of carbon dioxide, mol·m
-3 
𝑐𝐻2𝑂  Mole concentration of water, mol·m
-3 
𝐷𝑖
𝑒𝑓𝑓
 Effective diffusivity of species 𝑖 , m2·s-1 
𝐷𝑖𝑘
𝑒𝑓𝑓
  Knudsen diffusion coefficient of 𝑖 , m2·s-1 
𝐷𝑖𝑚
𝑒𝑓𝑓
  Molecular diffusion coefficient of 𝑖, m2·s-1 
𝐸𝑎𝑐𝑡  Activation energy, J·mol
-1 
𝐸𝐶𝑂  Equilibrium potential for carbon monoxide oxidization, V 
𝐸𝐶𝑂
0   Standard equilibrium potential for carbon monoxide oxidization, V 
𝐸𝑒𝑞  Equilibrium Nernst potential, V 
𝐸𝐻2  Equilibrium potential for hydrogen oxidization, V 
𝐸𝐻2
0   Standard equilibrium potential for hydrogen oxidization, V 
𝐹 Faraday constant, 96485 C·mol-1 
𝑖  Operating current density, A·m-2 
𝑖𝑜 Exchange current density, A·m
-2 
n Number of electrons transferred per electrochemical reaction 
𝑁𝑖  Flux of mass transport, kg·m
-3·s-1 
𝑝 (partial) Pressure, Pa 
𝑃𝐶𝑂
𝐿   Local CO partial pressures, Pa 
𝑃𝐶𝑂2
𝐿   Local CO2 partial pressures, Pa 
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𝑃𝐻2
𝐿   Local H2 partial pressures, Pa 
𝑃𝐻2𝑂
𝐿   Local H2O partial pressures, Pa 
𝑃𝑂2
𝐿   Local O2 partial pressures, Pa 
𝑅 Gas constant, 8.314 J·mol-1·K-1 
𝑅𝐶𝑀𝑂  Carbon monoxide oxidization reaction  
𝑅𝐻𝑂  Hydrogen oxidization reaction 
𝑅𝑀𝑆𝑅  Methane steam reforming reaction 
𝑅𝑀𝑂  Methane oxidization reaction 
𝑅𝑊𝐺𝑆  Water gas shift reaction 
T Temperature, K 
u Velocity field, m3·s-1 
V Volume fraction 
𝑦𝑖  Mole fraction of component i 
 
Greek letters 
 
𝛼  Charge transfer coefficient 
𝜀  Porosity 
𝜂𝑎𝑐𝑡  Activation overpotential loss, V 
𝜂𝑜ℎ𝑚𝑖𝑐  Ohmic overpotential loss, V 
𝜅  Permeability, m2 
𝜇  Dynamic viscosity of fluid, Pa·s 
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𝜌  Fluid density, kg·m-3 
σ Conductivity, S/m 
𝛾  Pre-exponential factor, A m-2 
τ  Tortuosity 
 
Subscripts  
an Anode 
ca Cathode 
CH4 Methane 
CO Carbon monoxide 
CO2 Carbon dioxide 
el Electrolyte 
H2 Hydrogen 
l Ionic phase 
O2 Oxygen 
s Electronic phase 
  
Superscripts  
0 Parameter at equilibrium conditions 
eff Effective 
L Local 
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Table 1 Material properties  
Parameters Value or expression Unit 
Conductivity 
𝝈𝐂𝐆𝐎(𝐝𝐞𝐧𝐬𝐞)  1.22 × 𝑒
16054
𝑅𝑇  [15] S m
-1 
𝝈𝐂𝐆𝐎 (𝐩𝐨𝐫𝐨𝐮𝐬)  (1 − 𝜀) × 0.38 × 𝑒
16054
𝑅𝑇  [15] S m
-1 
𝝈𝐁𝐒𝐂𝐅  −24455 + 82.321𝑇 −
8.28𝑇2
1000
+
2.7778𝑇3
10000
 
[15] 
S m-1 
𝝈𝐍𝐢  3.27 × 10
6 − 1065.3𝑇 [27] S m-1 
Porosity 
𝜺𝐚𝐧  0.6 [15]   
𝜺𝐜𝐚  0.6 [15]  
𝜺𝐞𝐥  0.3-0.7  
Anode volume fraction 
𝑽𝐂𝐆𝐎  0.23 [15]  
𝑽𝐍𝐢  0.77 [15]  
Cathode volume fraction 
𝑽𝐂𝐆𝐎  0.25 [15]  
𝑽𝐁𝐒𝐂𝐅  0.75 [15]  
Triple phase boundary  
STPB 2.14 × 105 [21] m2 m-3 
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Electrode tortuosity 
𝝉𝐚𝐧  3  
𝝉𝐜𝐚  3  
 
Table 2 Chemical reaction parameters 
Reaction Unit 
Methane oxidization reaction rate  
5 × 104 × 𝑒
−166000
𝑅𝑇 × 𝑝𝐶𝐻4 × 𝑝𝑂2 (anode) [28] mol m
3 s−1 
1.1 × 𝑒
−166000
𝑅𝑇 × 𝑝𝐶𝐻4 × 𝑝𝑂2 (other area) [28] mol m
3 s−1 
Hydrogen oxidization reaction rate  
5 × 104 × 𝑒
−48484
𝑅𝑇 × 𝑝𝐶𝐻4 × 𝑝𝑂2
0.5 [28] mol m3 s−1 
Carbon monoxide oxidization reaction rate  
5 × 104 × 𝑒
−47773
𝑅𝑇 × 𝑝𝐶𝑂 × 𝑝𝑂2
0.5 [28] mol m3 s−1 
Methane steam reforming reaction rate  
2.395 × 107 × 𝑒
−231266
𝑅𝑇 × (𝑝𝐶𝐻4 × 𝑝𝐻2𝑂 −
𝑝𝐶𝐻4
3 ×𝑝𝐶𝑂
𝐾𝑝𝑟
) [29] mol m3 s−1 
𝐾𝑝𝑟 = 1.0267 × 10
10
× 𝑒−0.2513×𝑍
4+0.3665×𝑍3+0.5810×𝑍2−27.134×𝑍+3.277 
 
𝑍 =  
𝑇
1000
   
Water gas shift reaction rate  
0.0171 × 𝑒
−103191
𝑅𝑇 × (𝑝𝐶𝑂 × 𝑝𝐻2𝑂 −
𝑝𝐻2×𝑝𝐶𝑂2
𝑘𝑝𝑠
) [30] mol m3 s−1 
28 
 
𝑘𝑝𝑠 = 𝑒
−0.2935×𝑍3+0.6351×𝑍2+4.1788×𝑍+0.0169    
𝑍 =  
𝑇
1000
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Table 3 Electrochemical reaction parameters [17] 
Parameter Value Unit 
𝜸𝑯𝟐  3.68 × 10
9  A m-2 
𝑬𝒂𝒄𝒕,𝑯𝟐  1.2 × 10
5  J mol-1 
𝜸𝑶𝟐  1.39 × 10
10  A m-2 
𝑬𝒂𝒄𝒕,𝑶𝟐  1.2 × 10
5  J mol-1 
𝜸𝑪𝑶  1.67 × 10
9  A m-2 
𝑬𝒂𝒄𝒕,𝑪𝑶  1.2 × 10
5  J mol-1 
𝜶𝑯𝟐  0.5  
𝜶𝑪𝑶  0.5  
𝜶𝑶𝟐  0.5  
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